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As modern-day solar cells are made increasingly thin and 1arge, it is 
very important for the manufacturer to be ab1e to detect cracks in the 
finished product. When the cells are to be installed in spacecraft or 
large panel arrays, it is difficult or impossible to replace faulty cells. 
Small cracks present dur ing manufacturing may not cause significant 
performance problems immediately; the affected cells may fail at a later 
time due to thermal cycling or physical shock. Visual, thermal, and 
infrared methods of inspection have many limitations and of ten miss 
detecting cracks. In this paper we present experimental results obtained 
from eddy-current measurements that were used to infer locations of cracks 
in solarcells. EMF measurements were made using primarily hand-wound 
sensors excited by various current sources. The eddy-current measurements 
indicated conducting traces on the cells and cracks in the material that 
could be visually verified. Our measurements were made under computer 
control, using phase-sensitive techniques to measure the amplitude and 
phase of the induced sensor signal. In some cases, digital enhancement of 
the images improved the detectability of the cracks. 
EXPERIMENTAL PROCEDURE 
Multi-frequency phase and amplitude data were collected using a 
computer-controlled laboratory setup consisting of a custom phase-
sensitive amplifier, a HPIB signal generator, a PC/AT-based 12 bit data 
acquisition system, an X-Y stepper motor positioning device, and numerous 
custom-made inductive pickup sensors. Sensors were mounted on the 
carriage of the X-Y positioner. The solar cells were fixed to the table 
of the positioner beneath the sensors . Measurements were made using a 
"bi-static" arrangement in which the sensor passively measured the 
magnetic field in the presence of a separately driven exciting coil . The 
exciting coils were driven at frequencies in the range of SOOkHz to SOMHz. 
Verification of results was do ne visually, using a top-illuminated 
microscope, and the results were also checked with the manufacturer's 
expectations of flaw locations. The block diagram of Figure 1 shows the 
overall laboratory setup. 
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Figure 1. Block diagram of the laboratory setup. A phase-sensitive 
amplifier converts AC sensor signal into two DC voltages 
for the A/D converter. The signal generator and sensor po-
sit ion are under computer control. 
The resolution of the scans was approximately 0.01" at best. Some 
lower-resolution scans were made as a method for rapid evaluat ion of 
sensors and samples. The time required to make a measurement from a 
sample ranged from a few minutes for a low-resolution scan to a few hours 
for a high-resolution scan at multiple frequencies. The phase-sensitive 
amplifier and data acquisition equipment was capable of operating at a 
maximum of about 40,000 measurements per second (A/D conversions), though 
in our setup we typically made about 2,000 readings per second. We 
measured each point at ten different frequencies. The time required for a 
test was primarily limited by our slow X-Y positioning device and the time 
required to select the different frequencies over the IEEE-488 interface. 
Laboratory data were transferred to a mainframe computer for signal 
processing and analysis. Grayscale plots were made using PostScript 
(trademark of Adobe Systems Incorporated). Signal processing programs and 
data pre-processors were developed by Shamee and Treece. Commercial 
signal processing packages exist to perform these tasks. 
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SIGNAL PROCESSING 
Cracks appeared in images as blurred streaks among the intrinsic 
background signal. Blurring, or defocusing, occurred because of the 
integration of the magnetic field over the sensor area and the spreading 
of the signal over the distance the sensor was separated from the 
material. If a continuous signal undergoes blurring, then the 
differential equation is similar to the heat equation. The solution of 
the restored function f, is 
f = g - a V2 g, 
where g is B(f) (B, the blur) . For example, 
1 Defocus 1 g »1 Enhance f B(f) g - a V2 g :;.. f 
This formulat ion is restrictive to a particular blurring. Furthermore, it 
ignores high order terms, but it serves well for many purposes. To apply 
the "enhancement" theory to actual eddy-current data, we subtract the 
Laplacian of the image from the image. Let f (i, j) be the image value at 
(i, j) for i and j covering the row and column dimension of the image: 
V 2 f(i,j) ~ ~~ f(i,j) + ~ţ f(i,j) 
[ f(i+1, j) + f(i-1, j) + f(i, j+1) + f(i, j-1) ] 4f(i,j), 
where ~~ is the second order difference operator in x and ~ţ is the second 
order difference operator in y. If we subtract V2 f from f, we get 
5f(i, j) - [ f (i+1, j) + f(i-1, j) + f(i, j+1) + f(i, j-1) ] 
This expres sion can be implemented by convolving a 3x3 window with the 
blurred image. The result is an enhanced estimate of the original f, and 
can, under some circumstances, make high-frequency features more 
pronounced in the images. 
Another technique for making the cracks more apparent in the images is 
histogram equalization. In many cases observed in laboratory data, crack 
locations were very obvious after this simple operation on the images. 
The visual display of the grayscale image is of ten "washed out," having 
low contrast in the regions of interest. This reduced contrast is because 
of ten the pixels composing a region fall in a small band of gray levels, 
but the pixels composing the entire image cover a wide range of gray 
levels. When the pixels are re-mapped to new gray levels that result in a 
flatter histogram, the contrast of the image is of ten improved. As sume 
that the histogram of pixel values contains bins 1 .. N, with the intensity 
value assigned t~ each bin n given by Zn. Let the average intensity value 
of the image be Z, then each intensity level Zn can be represented as a 
constant m times Z. A "spread out" histogram results if we re-map each 
intensity level to a new value given by the average of ZI and Zr, where 1 
is a cumulative "left bracket" bin number, that gets incremented by m each 
time a bin is re-mapped and r is 1 + m. Finally, after computing the new 
intensities, the pixels in each bin of the original image are changed to 
the new values. 
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A laboratory measurement of ten contains regular spatial frequency 
components resulting from such things as grid lines on the cells, X-Y 
positioning increments, and sensor spacings. In many cases these signals 
are undesirable and can be reduced by digital filtering. When these 
unwanted components are removed, the important features in the image 
become more apparent. 
EXPERIMENTAL RESULTS 
Data were collected from approximately twenty solar cells having 
various amounts of damage. Some of the solar cells were undamaged, 
according to the manufacturer. Other solar cells had cracks visible by 
the naked eye, and some cells had cracks that were visible under a 
microscope. Some of the specimens had an uncertain amount of damage; the 
other inspection techniques were unable to verify cracks in the samples, 
but there was some reason to think that they contained cracks. 
Crack detection was complicated by the fact that certain features of 
the semiconductor material gave the appearance of cracks. Some of the 
cracks in the cells could not be verified using the visual method because 
of uncertainties presented by these "fake cracks." The manufacturer 
reported that one of the test samples had features that seemed at first to 
be cracks but were actually abnormalities in the crystalline material. 
These abnormalities gave no noticeable eddy-current signal. Of the 21 
cells inspected, five of which where "good" cells and the rest were of 
uncertain quality, nine cells gave clear crack signals in the eddy-current 
scan (by "clear" we mean that the crack location can easily be spotted 
with the naked eye from grayscale images of the data). In two of the 
images, possible cracks could be spotted after enhancing the images using 
edge detection and histogram equalization or by close scrutiny of the 
grayscale images . In most cases the cracks detected with eddy currents 
were in the same locations as those expected by the manufacturer, though 
in two cases the eddy-current technique located cracks that were not 
detected by the manufacturer. Furthermore, the manufacturer of the 
solarcells thought that the remaining five cells rnight have cracks, but 
they did not clearly show up in the eddy-current data. 
Data collected from the 21 test samples are presented in the following 
figures. Each of the figures is a grayscale image of intensity of the 
magnetic field ninety degrees out of phase with the exciting current at 
2MHz above the sample. Exciting coils and sensors were small handwound 
pancake coils. The samples were placed face-up and the sensors were 
scanned over the top side. Data were taken at ten different frequencies. 
There was not a single "best" frequency for the measurement, though 
frequencies near 2MHz were of ten among the best. After histogram 
equalization, the cracks became even more apparent. Figure 3 shows 
equalized versions of the same data that were presented previously. 
Some of the samples inspected had less obvious flaws. Three such 
samples are shown in Figure 4. The first sample appears to have a crack 
in the upper right corner. Its extent is less than a third of the way 
across the cell and does not produce such an obvious signal as the 
previous cracks. The middle solarcell shows two flaws: one horizontal 
crack on the right side and one vertical crack near the lower right 
corner. Again these cracks give relatively sma11 signals. The solarcell 
on the right of Figure 4 has a vertical crack in the lower left-hand 
corner. Each of these images has a horizontal line between a third and a 
half of the way up the cell; this horizontal line is an artifact of the 
X-Y positioner and laboratory measurement techniques rather than a flaw 
signal. 
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Figure 2. 
Figure 3. 
(A) (B) (e) 
Data collected from three solar cells. Image intensity 
represents the amplitude of the induced EMF in an inductive 
sensor at a frequency of 2MHz ninety degrees out of phase 
with the current driving the exciting coil. (A) is a good 
sample believed not to have any defects; (B) is a sample 
with a horizontal crack that extends partially across the 
sample; (e) is a sample with a vertical crack . 
. (
(A) (B) (C) 
Data collected from three solar cells. Grayscale image 
contrast improved by histogram equalization. The image in-
tensity represents the amplitude of the induced EMF in an 
inductive sensor at a frequency of 2MHz ninety degrees out 
of phase with the current driving the exciting coil. See 
description of Figure 2. 
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(A) (B) (C) 
Figure 4. Data collected from solar cells that have less obvious 
cracks than the previous samples. The cracks appear to be 
(A) in the upper right corner; (B) in the lower right and 
on the right side; (C) in the lower left corner. Grayscale 
images represent magnetic field magnitude from a small sen-
soro 
The images of Figure 4 were enhanced to improve the contrast and 
clarity of the crack signals; these results are presented in Figure 5. 
The crack signals were not significantly improved. High spatial 
frequencies present in the images, such as the horizontal line discussed 
above, became pronounced in the images as a result of the enhancement. 
Figure 6 shows data from a scan over a number of solar cells. The two 
cells in the lower right were described by the manufacturer to be good 
cells, without flaws. The two samples on the extreme left appear not to 
have cracks at all, though the manufacturer thought that there was a good 
chance that they had flaws. The rest of the samples contain cracks that 
show up in eddy-current scans . 
CONCLUSIONS 
The eddy-current images obtained from these representative samples 
clearly indicated that eddy-currents are useful for detecting certain 
cracks in these solarcells. Many defects in the samples were discovered 
by the manufacturer and confirmed using eddy-currents. Some of the 
defects appeared in the eddy-current images with different dimensions or 
locations than the manufacturer predicted . Many of the cracks inspected 
were small and subtle; thus we could not always verify their true location 
and size. Some of the samples were reported by the manufacturer to have 
cracks, but the cracks could not be spotted using eddy-current inspection. 
In certain data, the presence of crack signals is undeniable, however, 
there may be other cracks in the samples that represent an equal amount of 
physical damage but do not show up well or at all using eddy currents. It 
would be very interesting to discover the reason for such behavior, if it 
exists. On the other hand, it may be that eddy-current measurements 
indicate true damage to the material. The manufacturer has pointed out 
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Figure 5. 
Figure 6. 
(A) (B) (C) 
Data collected from three solar cells. The images are 
enhanced using the technique described in the text. The 
image intensity represents the enhanced EMF signal, which 
is an estimate of the de-blurred signal from a small induc-
tive sensor. 
Eddy-current scan over eleven solar cells. The measurement 
frequency was 2MHz; images represent magnetic field that is 
ninety degrees out of phase with the exciting coil current. 
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that there are many deficiencies in the present methods of detecting 
cracks in the materials. It seems that eddy current inspection can 
provide at least some of the missing information. Better detection of 
cracks has important implications. The most important benefit of improved 
inspection is that the equipment that uses the cells can be made more 
reliable: a clear advantage if the components are installed on an orbiting 
satellite. Another benefit implied by our findings is that many 
solarcells that are currently "in question" may not actually be defective; 
this would save the manufacturer expense. 
Many things could be done to improve the eddy-current method of 
looking for crackS in the solarcells. One improvement would be to 
identify the range of defect sizes to be detected and optimize the sensor 
size and the excitation frequency. The eddy-current technique would be 
further improved simply by collecting more data from a wider range of 
solarcells having known defects and properties. It would then be possible 
to correlate features of the samples with features found in the data. 
More extensive use of data classification techniques and digital signal 
processing would help by extracting interesting informat ion or features 
from the data. After the data are collected, a wide range of signal 
processing techniques and software running on PC's or mainframes is 
available to help detect and locate defective samples. 
The primary limitations of the experiments were the speed of the 
measurements and the uncertainty of the crack locations. A commercial 
apparatus would overcome the speed limitations by using a faster 
positioner and data acquisition tools and measuring at a reduced number of 
frequencies. More work must be done to determine why some cracks seem to 
be present under the manufacturer's test but show up differently in eddy-
current scans. Also, a number of tested samples should be evaluated to 
determine whether or not the eddy-current inspection damages the 
solarcell. A number of cells have been exposed to excessive eddy-current 
measurements; these samp!es are to be e1ectrica1ly evaluated by the 
manufacturer. Some further conclusions shou1d be possible after the 
manufacturer re-eva1uates some of the samples, including several that 
seemed to have defects in places that were not originally reported by the 
manufacturer. 
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